This work addresses an intensively debated question in biogeochemical research: ''Are large dams affecting global nutrient cycles?'' It has been postulated that the largest impoundments on the Lower Danube River, the Iron Gates Reservoirs, act as a major sink for silica (Si) in the form of settling diatoms, for phosphorus (P) and to a lesser extent for nitrogen (N). This retention of P and N in the reservoir would represent a positive contribution to the nutrient reduction in the Danube River. Based on a 9-month monitoring scheme in 2001, we quantified the nutrient and the sediment retention capacity of the Iron Gate I Reservoir. The sediment accumulation corresponded to 5% TN (total nitrogen), 12% TP (total phosphorus) and 55% TSS (total suspended solids) of the incoming loading. A mass balance revealed that more N and P are leaving the reservoir than entering via the inflow. Based on these current results, the reservoir was temporarily acting as a small nutrient source. The nutrient accumulation in the sediments of the Iron Gate I Reservoir represents only 1% of the ''missing'' load of 10 6 t N and 1.3 · 10 5 t P defined as the difference between the estimated nutrient export from the Danube Basin and the measured flux entering the Black Sea. This result disproves the hypothesis that the largest impoundment on the Danube River, the Iron Gates Reservoir, plays a major role in N and P elimination.
Introduction
The worldwide fresh water storage in rivers, natural lakes and reservoirs of 100,000 km 3 represents 0.3% of the total fresh water resources (Morris and Fan 1997) . The 7000 km 3 of fresh water that is currently stored in reservoirs [compared to only 2100 km 3 in natural rivers (Morris and Fan 1997) ], could have a global impact on natural water resources. On a general scale, reservoirs have far-reaching effects not only on the hydrology, but also on biochemical and physical characteristics of continental waters. Damming rivers increases residence time and water temperature, decreases the turbidity, modifies thermal stratification and enhances in situ primary production. The construction of reservoirs also alters the organic carbon cycle, and the oxygen and nutrient balance (Friedl and Wu¨est 2002) .
From the 1930s to 1970s, the construction of large dams became synonymous with development and economic progress, a symbol of modernisation and the ability to exploit natural resources. According to the World Commission of Dams (WCD 2000) , about 800,000 dams have been built around the world, 45,000 of which are considered large dams (over 15 m high). In Europe, around 5500 large dams (WWF 2004) have significantly altered the natural flow and sediment transport in most European Rivers. The reduction of the river self purification capacity, changes in water quality, reduction of lateral exchange with groundwater, and biodiversity loss are only few of the consequences (Moroz 2003) . As the second largest river in Europe after the Volga, the Danube River integrates different impacts. From its source in the Black Forest Mountains of Germany, it flows east over 2850 km across the continent to the Black Sea (Figure 1 ). With a large drainage basin of 817,000 km 2 spanning 18 different countries, the Danube River is ''the most international river in the world''.
Many countries have built dams on the Danube with the purpose of hydropower generation, water supply, and flood control. The density of the dams on the Upper Danube (the first 1000 km) reaches an average of one dam every 17 km (Zinke 1999) . Among the large number of impoundments on the Danube and the tributaries, the Iron Gates is the largest dam and reservoir system by volume, area and hydropower potential. Located on the Lower Danube, approximately 900 km upstream from the Black Sea (Figure 1) , the Iron Gates represents a typical, large run-of-the-river hydropower scheme with a considerable average discharge of 5600 m 3 s À1 . The reservoir has a total length of 205 km, an area of 156 km 2 holding a volume of 2.7 · 10 9 m 3 (Table 1) .
Increased nutrient loads in the Danube River basin led to serious ecological problems such as eutrophication along the Black Sea coast (Mee 1992) . In the last decade, the reduction of mineral fertilisers used in the agriculture sector as well as the reduction of economic activities in Central and Eastern European countries decreased the N and P load (Zessner and Kroiss 1998) . This most recent nutrient balance study indicated a considerable difference between the estimated nutrient export from the Danube Basin of up to 1150-1400 kt N yr À1 and 140-190 kt P yr À1 (1 kt = 1000 metric tons) and the loads measured downstream entering the Black Sea of 400 kt N yr À1 and 20-50 kt P yr À1 . One of the hypotheses put forward to explain the incompatible results was that retention and subsequent losses of N and P play an important role especially in the large reservoirs like the Iron Gates (Perrsic et al. 1991; Gils 1999) . Moreover, the construction of the two Iron Gates Reservoirs in the early 1970 has been postulated to represent the principal cause for the decrease in sediment and silica input into the Black Sea (Cociasu et al. 1996; Humborg et al. 1997) , although the water discharge has not been significantly affected (Panin 1996) . However, the most recent study on the Iron Gate I Reservoir indicated a present day dissolved silica (DSi) elimination in the range of only 4 to 5% of the total incoming load (Friedl et al. 2004; McGinnis et al, submitted) , one order of magnitude lower than the previously postulated decrease of 75% (Cociasu et al. 1996; Humborg et al. 1997) . Therefore, a more precise balance of N and P for Iron Gate I is of considerable interest. Based on weekly measurements of N, P, and total suspended solids (TSS) concentrations at the inflow, outflow and in one of the major bays, the present study quantifies the nutrient and sediment retention capacity of the Iron Gate I Reservoir. With additional sediment analyses and the observation of changes in the partitioning of particulate and dissolved N and P, we address the question: which processes govern the input-output balance of nutrients in the reservoir?
Study site
The Iron Gates Reservoir marks the border between Romania and former Yugoslavia (Figure 1 ). The hydropower scheme consists of two dams: Iron Gate I Dam, a 1278 m wide overflow concrete dam with 14 spillways was constructed in 1971 at river km 942.4 from the Black Sea, and the 1003 m wide Iron Gate II Dam, at river 864 was completed in 1984 (Batuca 2004) . The water residence time calculated for both reservoirs based on the average water discharge of 5600 m 3 s À1 is 6.5 days (Zinke 1999 ). According to the World Register of Largest Dams (AQUAPROIECT 2003), the upstream reservoir (Iron Gate I) with its length of 135 km, an area of 104 km 2 and a volume of 2.1 · 10 9 m 3 (Table 1) accounts for more than 65% of the total length and area and 80% of the entire reservoir volume. In general, the channel section has a trapezoidal shape with depths varying between 10 and 53 m (mean depth of 25 m) and 800 to 1300 m width (average width of 1040 m), calculated from eight transects profiles along the reservoir. The Iron Gate II Reservoir, stretched from the Iron Gate I Dam to 70 km downstream, serves mainly for smoothing the peak flow operation. To provide a scientific assessment of the role of the Iron Gates Reservoir as a sediment and nutrient sink, a monitoring program was carried out between 1 February and 20 October 2001 focussing on the Iron Gate I Reservoir only.
Six monitoring stations included the inflow at Bazias (river km 1073), a station located 300 m upstream the confluence with Orsova Bay (km 955), one station in Orsova Bay and Cerna River and the outflow at a distance of 2 km in front of the Iron Gate I Dam (Figure 2 ). At each station, weekly water samples were collected at three different depths (1 m, middle and bottom) within the water column using a Niskin bottle. The timing and the frequency of the sampling scheme was not correlated to the flow regime due to the reliable assumption that for such a large river system the flow rate (Q) does not change dramatically within a few days. For instance, considering the volume of 2.1 · 10 9 m 3 and the average flow rate of 5500 m 3 s À1 measured during the year 2001, a flow velocity of 1.3 km h À1 can be calculated. This corresponds to a water residence time within the Iron Gate I Reservoir of 4.5 days. Anyway, the weekly sampling scheme has covered equally the high and the low flow during the sampling period. The largest bay within the reservoir, Orsova Bay, was ascribed as a key site of sediment and silica retention (McGinnis et al. submitted) . Outlined in Figure 2 , Orsova Bay is located on the Romanian side of the reservoir near the town of Orsova (11 km upstream of the Iron Gate I Dam). The bay represents the old settlement of Orsova city, flooded after the dam construction and rebuild on higher ground. The surface area of Orsova Bay is 4.5 km 2 representing 4.3% of the entire Iron Gate I Reservoir and it is separated from the Danube River by a sill of 5 m height. At the north end of the bay, the small Cerna River discharges at a rate of less than 5 m 3 s À1 .
Six sediment cores were obtained during the cruise in March 2001 using a gravity corer (Kelts et al. 1986 ). The locations are documented in Figure 2 . Transported in up-right position, the cores were stored in the cool room at 4°C until opened in 2002 in the EAWAG laboratory. Additionally, during the March cruise, two sediment traps were deployed: one at Orsova Bay, at a depth of 6 m (water depth 9 m) and the other, 1 km in front of the dam at a depth of 26 m (water depth 31 m). The accumulated sediment was collected monthly until October 2001.
Method

Water analyses
Dissolved nitrogen and orthophosphate The water samples in duplicates were filtered immediately after sampling through a 0.45 lm polycarbonate membrane and analysed within one day for nitrate (NO 3 À ), nitrite (NO 2 À ), ammonia (NH 4 + ) and orthophosphate (PO 4 3À ) with a portable photometer (MERCK Spectroquadrant NOVA 60) following standard photometric methods (DEV 1996) . Analytical errors were 3.5% for ammonia, 2.5% for nitrite, 6% for nitrate and 3% for orthophosphate.
Total nitrogen and phosphorus
A volume of 4 ml unfiltered water samples was conserved for TN and TP analysis with 4 ml solution of 2 g potassium peroxidisulfate and 0.3 g sodium hydroxide and diluted with distilled water to 100 ml (DEV 1996) . The samples were autoclaved at 120°C for two hours, stored in a cool room at 4°C, and analysed at EAWAG laboratory using a Techicon auto sampler and a Procon auto analyser. Analytical error was 5% for N and 1.5% for phosphorus.
Water discharge
The outflow (Q OUT ) of the reservoir was measured at the Iron Gate I Dam by the hydropower company that operates the dam (HIDROELECTRICA S.A.). The inflow (Q IN ) was calculated with a predictive algorithm using several upstream gauging stations and empirical flow velocities.
Total suspended solids
Light absorption and total suspended solids (TSS) measurements were performed on weekly water samples collected from three different depths within the water column. For the light absorption determination we used the MERCK Spectroquadrant NOVA 60 photometer at a wavelength of 665 nm (Kirk 1994; DEV 1996) . Analytical error of the measurement was 2.5%.
For the calibration of the photometric measurements, one litre water samples in duplicates were filtered through 47 mm diameter Watman GF/F fiber filters and dried at 105°C until the weight of the filters no longer changed. Total suspended solids were then determined gravimetrically with an error of 10% by relating the dry mass of the samples to the filtered volume (American Public Health Association 1998). A linear relationship (TSS = 86.24 absorption units) with R 2 = 0.94 ( Figure 3 ) was used to correlate the light absorption values to the TSS concentrations of 31 samples (Baker and Lavelle 1984) .
Sediment analyses
The sediment cores from different locations within the Iron Gate I were cut into halves for description, photographed and sub-sampled at 1-cm steps. The wet sub-samples were freeze-dried for two days and the water content was determined.
Dating
Freeze-dried samples from the deepest core (16 m) of Orsova Bay (OB 01-16) and the core at 2 km in front of the dam (IG 01-944) were used for sediment chronology. The 210 Pb dating method of Goldberg (1963) and Krishnaswami et al. (1971) was in agreement with the records of the artificial radionuclide 137 Cs (Pennington et al. 1973) . The sedimentation rate (cm yr À1 ) calculations were corrected for compaction according to Appleby and Oldfield (1978) and Robbins (1978) .
Nitrogen
For particulate organic nitrogen (PON) analyses, samples of approximately 25 mg finely powdered sediment from traps and cores were suspended in 10 ml (0.5 M) HCl and sonicated for 4 min to remove inorganic carbonates. The aliquot was filtered on pre-combusted GF/F Whatman glass fibre filters. Additionally, 10 mg sediment samples (cores and traps) were placed into aluminium cups for measurement of total nitrogen (TN). The TN and PON analyse were performed on a Perkin Elmer 2400 CHN Elemental Analyser (DEV 1996) . The analytical error of the measurements was 5%.
Phosphorus
An application of the soluble reactive phosphorus (SRP) -ammoniummolybdate method to digested sediment was used to measure the total phosphorus (TP) content. As the organic phosphorus is not detected by the test unless it is first hydrolysed, 5 ml solution of potassium peroxidisulfate was added to 10 mg sediment and autoclaved at 120°C for 3 h (DEV 1996) . This procedure liberates the organic phosphorus as orthophosphate and measured with the Procon auto-analyser. The analytical error of the measurements was 2.5%.
Results
Discharge
The hydrological time series of the inflow at Bazias (Q IN ) was compared to the reservoir outflow (Q OUT ) at the dam (Figure 4a ). For a period of 12 months in 2001, the inflow and outflow showed the same trend. The highest flow rate of over 10,000 m 3 s À1 was recorded on the 26th of April while the lowest value of 2500 m 3 s À1 was reached during the first week of September. To test whether significant vertical differences between the values characterised the nutrient distribution within the water column. The values presented below represent mean concentrations averaged over depth.
Dissolved nitrogen and orthophosphate
Dissolved inorganic nitrogen (DIN -as a sum of nitrite, nitrate, and ammonia) and orthophosphate inflow at Bazias are compared to the outflow concentrations at the dam for a first evaluation of the biogeochemical role of the reservoir (Figure 5a ). The outflow DIN followed the pattern of the inflow concentrations. Slightly higher outflow concentrations were observed for almost the entire period except the beginning of February and end of April when the inflow concentration was about 17% higher than the outflow. The average DIN concentration over the entire period was 1.02 mg N l À1 at Bazias and 1.11 mg N l À1 at the dam suggesting an increase of almost 9% within the reservoir. Independently, a DIN source between Bazias and Iron Gate II dam was reported by Kro¨bel (2004) based on the database of ICPDR (2001). The orthophosphate measurements at both stations indicated a similar higher outflow than inflow concentration ( Figure 5b ). The maximum concentration was observed in mid-July when the peak inflow exceeded the outflow by a factor of 2.5. The lowest concentration (6 lg P l À1) was recorded in mid-May at the inflow (Bazias). The comparison between the average inflow and outflow concentrations of 32.1 lg P l À1 and 51.3 lg P l À1 revealed a 60% increase along the reservoir. To verify whether the difference between average inflow and outflow concentrations was significantly different, a paired t-test was applied. The results indicate that the inflow and outflow concentrations of DIN and orthophosphate are significant different at the 98.8 and 99.9% level.
Total nitrogen and phosphorus
The time series TN and TP inflow and outflow concentrations are compared for a period of 7 months. The TN outflow shows consistently higher values than the inflow with a maximum of about 1.4 mg N l À1 and a minimum value of around 0.9 mg N l À1 (Figure 5c ). During the 7 month period, the inflow concentration at Bazias averaged 1.14 mg N l À1 compared to the average at the dam of 1.28 mg N l À1 indicating a 12% increase within the reservoir.
For TP, the difference between inflow and outflow were less pronounced. A maximum value of over 150 lg P l À1 was recorded at both stations at the end of June (Figure 5d ). With an average value of 79.6 lg P l À1 for the inflow and 84.5 lg P l À1 for the outflow, the difference represented a 6% increase. According to the same paired t-test, the TN inflow-outflow concentrations were significantly different (98.7%) whereas TP did not change significantly (62.3%). 
The nutrient loads
Loads of dissolved inorganic nitrogen and orthophosphate The loads were calculated first by multiplying the concentrations by the discharge (Q) of the sampling days. Then, the loads (kt day À1 ) were numerically integrated to determine the mass over the sampling period. The time series of DIN load showed slightly higher outflow than inflow. The total load for the studied period was 199 ± 12 kt N yr À1 at the outflow and 184 ± 11 kt N yr À1 at the inflow ( Table 2) . The difference between the annual input and output is close to the analytical error and represents an increase of 8% of the incoming flux or 15 kt N yr À1 .
The PO 4 outflow was always higher than the inflow except for the 17th of July when an exceptionally high inflow was observed. In general, over the entire period the average orthophosphate outflow was of 9.6 ± 0.3 kt P yr À1 while the inflow was only 5.7 ± 0.2 kt P yr À1 . The difference of 3.9 kt between Bazias and the Iron Gate I Dam represents a significant increase of 68%.
Loads of total nitrogen and phosphorus
The TN loads between April and October 2001 were quite variable with a range of 90 to 500 kt N yr À1 . The average output at the dam (248 ± 13 kt N yr À1 ) was almost 20% higher than the input at Bazias (212 ± 11 kt N yr À1 ) and translates into a 36 kt N yr À1 increase within the reservoir.
TP load follows the concentration pattern with an exceptionally high value recorded in both stations at the end of June when reached 40 kt P yr À1 . This event was again related to a peak in the flow rate. The average inflow load at Bazias was 14.9 ± 0.2 kt P yr À1 compared to outflow of 16.5 ± 0.2 kt P yr À1 at the dam and represents an increase within the reservoir of 1.5 kt P yr À1 or an enrichment of 10% (Table 2) . A simply comparison between the inflow and outflow nutrient fluxes reveals no retention but suggests that the reservoir acts, at least temporarily, as a nutrient source. The data provides clear evidence for transformation of particulate P into dissolved P with an almost 70% higher dissolved P load at the outlet. Between April and October, no evidence for a net loss of DIN was found. To the contrary, the load of TN increased along the river stretch of the Iron Gate I Reservoir (Table 2) . Sedimentation and mass accumulation rate
To quantify the role of sedimentation as a nutrient sink, we first assessed a sediment balance based on TSS measurements. These reservoir-wide sediment accumulation rates were then compared to the results of the local sediment core analyses. Together with the nutrient content of the sediments the net accumulation within the reservoir was determined.
Mass balance of total suspended solids
The sediment of rivers is usually divided into bed load moving along the river bed by rolling and sliding and suspended load that is supported by the fluid flow of the river and maintained in suspension by the upward component of turbulence. The proportion of bed load to suspended load varies from river to river but, in general, the larger the river the smaller the proportion that is attributable to bed load (Meade et al. 1990 ). For large rivers, such as the Danube, the bed load transport is typically small compared to the suspended load and therefore neglected in the following estimate. The TSS concentrations used to assemble the sediment mass balance were measured weekly at the inflow (Bazias), near Orsova City -right upstream the confluence of the main channel with Orsova Bay (river km 955, Site B) and at the outflow (about 2 km upstream the dam, river km 944) ( Figure 2) . The average TSS for the year 2001 was 34 mg l À1 at Bazias and 17 mg l À1 at the dam. The values were comparable with the suspended solids concentrations of 25 and 4 mg l À1 for river km 1076.6 and km 954.6, respectively, determined by ICPDR (2004a). The calculation yielded an average TSS inflow load at Bazias of up to 8870 ± 220 kt yr À1 , 5520 ± 138 kt yr À1 downstream at Orsova and 3890 ± 97 kt yr À1 at the dam. For Orsova Bay Bocaniov (2002) and McGinnis et al. (submitted) estimated a water exchange of 14-26% of the river flow corresponding to a residence time of 0.5 days. As the bay is separated from the main stream by a 5 m submerged sill, only the surface TSS concentrations were considered in the calculation of the bay input. The results indicate an annual inflow of 540 ± 13 kt yr À1 and an outflow of 375 ± 9 kt yr À1 corresponding to a sediment retention in the bay of 165 ± 4 kt yr À1 . Following the mass balance calculations, the TSS retention in the Iron Gate I Reservoir during the year 2001 was as high as 5000 kt yr À1 (Table 3) . Three main sedimentary regions within the reservoir have been identified: (I) the first stretch from Bazias to Orsova (sites A to B) with a TSS retention per unit area of 101 g m À2 day À1 ; (II) Orsova Bay (site C) with comparable rate of 100 g m À2 day À1 ; (III) the lower stretch from Orsova to the dam (sites C to E) with the high rate of 446 g m À2 day À1 . A comparable sediment accumulation of 98 g m À2 day À1 for the year 1950 and an average present day accumulation of 12.5 g m À2 day À1 (average TSS concentration of 4 mg l À1 ) were calculated for a 37-km long natural lake (Lake Croix) formed on the St. Croix River due to its impoundment by a delta of the Mississippi River (Triplett et al. 2003) .
Using an average density of 2.5 g cm À3 and a porosity of 85%, our values translate into a sedimentation rate of 9.8 cm yr À1 for the first stretch and Orsova Bay, and four times higher value (43.4 cm yr À1 ) between Orsova Bay and the dam. The three sedimentary areas were responsible for 68%, 3% and 29%, respectively, of the total TSS retention.
Sediment accumulation
According to their length, two sediment cores from the Iron Gate I Reservoir were chosen for sediment chronology: the middle Orsova Bay core from a depth of 16 m (OB 01-16) and the core located 2 km in front of the dam (IG 01-944). Unfortunately, the core length of 38 cm of IG 01-944 at the dam was not enough to enclose the most recent 137 Cs peak of the Chernobyl event. Also, due to the particle remobilisation combined with the dilution effect from high accumulation rates, the 201 Pb activities did not show a clear gradient. Reschke (1999) based his 137 Cs analyses on an over 2 m long core collected at the river km 947.2 (almost 5 km upstream the dam). The calculated sedimentation rate corresponded to 23.3 cm yr À1 or a bulk accumulation per surface area of 239.4 g m À2 day À1 (Table 3) . The sedimentation rate of 4.9 cm yr À1 calculated from the middle bay core (OB 01-16) using 210 Pb and supported by 137 Cs is in very good agreement with the value of 5 cm yr À1 found by Reschke (1999) for the second largest bay within the reservoir (Eselnita Bay -8 km upstream Orsova Bay; see Figure 2 ). With the measured porosity and density values of 85% and 2.5 g cm À3 , respectively, the sediment accumulation rate for Orsova Bay was estimated to 50.3 g m À2 day À1 . This corresponds to annual sediment retention in the bay up to 82 kt yr À1 (Table 3 ). Comparable sedimentation rates between 1.5 and 11.5 cm yr À1 were found based on 137 Cs measurements in 15 reservoirs on the Moldavian Plateau of Romania, the catchment of two Danube tributaries -Siret and Prut Rivers (Ionita et al. 2000) . Similar sedimentation rates between 1.4 to 21.4 cm yr À1 have been documented in a study of 14 reservoirs in Puerto Rico (Soler-Lo´pez 2001) . Accordingly, the sedimentation rates in the Iron Gate I Reservoir of 4.9 cm yr À1 for the upper stretch and Orsova Bay and 23.3 cm yr À1 in front of the dam are characteristic for such a system. The almost two times higher values from the TSS balance compared to the sediment core analyses are conclusive if we consider that the sediment cores reflect a local situation integrated over a few decades whereas the TSS estimate is subject to large temporal fluctuations but integrated over a large area.
Nutrient concentration in sediment
From each sediment core within the reservoir, average TN, PON and TP were calculated for the top sediment representing the nutrient deposition over the year 2001 (Table 4 ). The TN and PON values from sediment trap samples were added for comparison. No TP was measured in sediment traps. The lowermost concentrations of 0.8 N g À1 and 0.12 mg P g À1 characterised the upstream core (IG 01-1045) with an important sand fraction. At 60 km downstream (IG-981) the concentration increased almost 3 times, reaching values of 2.13 mg N g À1 and 0.47 mg P g À1 in the middle of the channel at a water depth of 20 m. Slight higher values were observed at the same location, closer to the shore, at a water depth of 6 m (2.40 mg N g À1 and 0.53 mg P g À1 ). Weighted averages of 1.90 mg N g À1 and 0.40 mg P g À1 were characteristic for this upper stretch of the reservoir (Bazias-Orsova Bay). The sediment cores from Orsova Bay (OB 01-9 and OB 01-16) show similar concentrations of about 2.6 mg N g À1 and 0.5 mg P g À1 (Table 4 ) with representative averages of 2.57 mg N g À1 and 0.55 mg P g À1 . Only one core was available for the lower stretch from Orsova Bay to the dam. IG 01-944 showed TN concentration of 2.18 mg N g À1 which compare well to the previous values whereas, with 0.20 mg P g À1 , TP was almost three times lower. In general, the recent sediment accumulated in the Iron Gate I Reservoir indicates an increase in nutrient concentrations toward the dam. The lowest value for TP at the dam may be explained by the dilution effect due to four times higher sediment accumulation rates and the appearance of suboxic to anoxic conditions below the sediment water interface leading to a reductive dissolution of Fe-phases and concomitant P-release (Ingall et al. 1993; Ingall and Jahnke 1997) . The Iron Gate sedimentary nutrient concentration is two times lower compared to the Black Sea and Danube Delta lakes sediments. For instance, a sediment core from the shallow Rosu Lake (Danube Delta) revealed average concentrations of 8.3 mg N g À1 and 1.09 mg P g À1 whereas a Black Sea core in front of the Danube discharge (BLS.95-17) at a depth of 26 m was characterised by concentrations of 3.6 mg N g À1 and 0.95 mg P g À1 (Teodoru et al. submitted). The TP in the Iron Gate I Reservoir also appears low compared with TP data in the range of 1.8-3 mg P g À1 measured in 8 sediment cores from the natural Lake Croix on the Mississippi River (Triplett et al. 2003) . This comparison and the higher downstream nutrient concentrations suggest that primary production in the reservoir is marginal compared to the more productive delta lakes and the coastal zone. The sediment traps from the dam and Orsova Bay showed between 20% to 40% higher TN concentrations than the sediment cores indicating important remobilisation mechanisms.
The nutrient accumulation in the Iron Gate I Reservoir during the year 2001 was calculated by multiplying top-core sedimentary TN and TP concentrations with the TSS fluxes of each area (Table 5 ). As the TSS fluxes were found to be twice as high as the values from the sediment cores, the nutrient fluxes toward sediment ranging from 191 to 972 mg N m À2 day À1 and 40 to 89 mg P m À2 day À1 represent upper estimates. Multiplying the nutrient fluxes with the area of the three sedimentary zones and summing up the results, the total nutrient mass that accumulates in the Iron Gate I Reservoir during the year 2001 was 10 ± 0.5 kt N yr À1 and 1.7 ± 0.1 kt P yr À1 . A simple comparison with the inflow loads at Bazias indicate that only a small fraction up to 5% TN and 12% TP of the input is presently removed by sedimentation. Higher rates between 29% and 47% of the TP incoming load were calculated to be retained by sedimentation in the Lake St. Croix between 1950 and 2000 (Triplett et al. 2003) .
Discussion
Decrease of suspended sediment loads
Downstream effects of closing the Iron Gates were hitherto believed to cause a loss of particle fluxes to the coastal system of the Black Sea. Gastescu and Oltean (1997) gave a synthesis of the dynamics of the suspended solids entering the Danube Delta before and after the construction of the first Iron Gate Dam in 1970. According to their study, the total amount of suspended material transported by the Danube during the period 1921-1960 was 67,500 kt yr À1 (325 mg l À1 ). The authors report a decrease of the annual sediment load from 41,300 kt yr À1 (200 mg l À1 ) in the period 1971-1980 to 29,200 kt yr À1 (140 mg l À1 ) for 1981-1990. This two-step decrease by 26,000 kt yr À1 and 12,000 kt yr À1 was attributed to the construction of the Iron Gates Dams. The average suspended solids concentration of the year 2001 measured on the Danube River at Reni and Chilia stations (132 and 18 km from the Danube mouth, respectively) was only 19 mg l À1 and 25 mg l À1 , respectively (ICPDR 2004a) . This would represent a present load of 4000 to 5000 kt yr À1 and imply a third decrease by 25,000 kt yr À1 from 1990 to 2001. According to our results, TSS retention in the Iron Gate I Reservoir during the year 2001 was 5000 kt yr À1 and accounts for 56% of the incoming load. The present-day (2001) TSS input at Bazias of 9000 kt yr À1 clearly shows that the sediment retention in the Iron Gates cannot exceed a value above its inflow. Independently, a decrease in sediment load of between 20,000 and 30,000 kt yr À1 has been estimated by Humborg et al. (1997) , Panin et al. (1999) and Zinke (1999) since the construction of the Iron Gates. A retention of 30,000 kt yr À1 representing 60% of the incoming load would require an inflow load of 50,000 kt yr À1 with equivalent concentrations of about 170 mg l À1 . Out measurements at Bazias show an average concentration of 33 mg l À1 for 2001 and imply that the input of suspended solids have been already reduced to a value five times lower than required for such a retention.
There are two possible sources for the discrepancies between our measurements and the estimates of earlier studies. First, most studies were based on only a few sediment core analyses and comparisons of historical suspended solids measurements. Our study has revealed differences of a factor of two between the input-output balance and sediment core analyses. Due to their superior integration over time and space, direct TSS measurements seem to be more reliable for assessing downstream impacts of large dams than extrapolations from sediment cores. Second, it is likely that a high number of smaller impoundments on head waters of the Danube catchment have a more pronounced effect on the sediment transport to the coastal zone than the construction of a single large reservoir. Moreover, the construction of many impoundments on the Danube tributaries downstream Iron Gates, is probably also responsible for decreasing particle transport from the Lower Danube to the Black Sea. According to the Word Commission of Dams (Zinke 1999 ), a total of 43 reservoirs with a storage capacity of 1.75 · 10 9 m 3 on the Olt River and 88 hydropower dam-reservoirs with a store volume of 1.86 · 10 9 m 3 on Siret River have been constructed prior and after the Iron Gates closure.
The loss rate of reservoir capacity
According to the Wold Register of Large Dams, the drainage area of the Iron Gate I Reservoir is 577 250 km 2 whereas the reservoir surface area is 104.4 km 2 (Table 1) (AQUAPROIECT 2003) . The average sedimentation rate for the entire reservoir corresponds to 12.7 cm yr À1 (Table 3) . Considering no major variation in sediment accumulation during the early stages of the reservoir until today, the sediment yield can be calculated as 23 m 3 km 2 yr À1 . Such a constant input would imply that in 30 years of usage, the storage capacity of the Iron Gate I Reservoir has been reduced by 19% from 2.1 · 10 9 m 3 to 1.7 · 10 9 m 3 which represents a long-term storage loss of 0.6% per year. Without technical measures, the useful reservoir life of the Iron Gate I would end after another 120 years. The estimate rate of storage loss agrees fairly well with an average loss of 0.7% annually for 14 reservoirs in Puerto Rico (Soler-Lo´pez 2001) and a global estimate of 1% per year (Mahmood 1987) .
Sediment nutrient remobilisation
The present-day negative nutrient balance of the Iron Gate I could be explained by remobilisation of N and P from older sediments deposited at times of higher nutrient loads. Down core profiles TN and TN concentration show a general decrease with increasing sediment depth ( Figure 6 ). This could suggest increasing loads over the last decades or diagenetic remobilisation. Interpreting geochemical nutrient profiles can be problematic as the changes in concentrations can reflect both trends in nutrient loading and post-depositional recycling processes (Engstrom and Wright 1984; Anderson and Rippey 1994) .
The historical development of the Danube nutrient loads over the last 50 years has been reconstructed by means of mathematical modelling (ICPDR 2004b) . Accordingly, the DIN load of the year 2000 measured at the Danube River entering the Danube Delta was 27% lower than in 1985 (Figure 7a the nutrient concentrations in the early 1980's in the sediment of the reservoir should be higher compared to the present-day situation. The observations clearly indicate that remobilisation is a relevant process. To quantify the rate of nutrient release from the sediment we used a simple linear model for nutrient sedimentation (Ga¨chter and Wehrli 1998) . Although the sedimentary accumulation of nutrients (especially P) may not be a linear function of the loading to the system (Triplett et al. 2003) , the dynamic of sedimentary nutrient accumulation in the Iron Gate I Reservoir between 1955 and 2000 was reconstructed relying on the present-day accumulation of 5% TN and 12% TP of the incoming load (Figure 7a and b) . From the down core profiles the net nutrient retention was calculated (Figure 7c and d) . The difference between the net retention and the predicted accumulation was interpreted as nutrient release. The rates varied from 2 to 7 kt N yr À1 and 0.5 to 1.3 kt P yr À1 with an average of 4.7 kt N yr À1 and 0.8 kt P yr À1 . Compared to the reservoir outflow, the sediment nutrient release represents 2% TN and 4.5% TP. Similar nutrient release rates of about 6% TP were calculated for the sediment of Lake St. Croix (Triplett et al. 2003) . Thus, the combined data from loading trends and sediment records provides evidence for significant nutrient release from older sediments which limits accumulation efficiencies of the reservoir sediments.
Nutrient mass balance
The total input into the reservoir including the inflow at Bazias and the lateral input from the subcatchment of the Iron Gate must be equal to the total losses including the output at the dam and the reservoir retention. As equation 1 define, at steady-state, the difference between the total input and output into the system must approach zero:
where L IN and L OUT stand for the in-and outflow loads, L C represents the input from the subcatchment and L S is the net retention in the sediment of the reservoir. 
TN: 211:7 þ 3:4 À 247:7 À 5:3 ¼ À37:9 ð3Þ TP: 14:9 þ 0:5 À 16:5 À 0:9 ¼ À2 ð4Þ
The mass balance for TN (equation 3) and TP (equation 4) is shown schematically in Figure 8 . With an average inflow load of 212 kt N yr À1 and an average output of 248 kt N yr À1 , taking into account the lateral input and the net sedimentary nutrient retention, the presence in the system of an internal load (D) of up to 38 kt N yr À1 is required. The same calculations for TP lead to a D of 2 kt P yr À1 . Compared to the total input, the D load represents 18% TN and 13% TP.
As Figure 8 indicates, the loss of particulate phosphate and an even larger increase in dissolved phosphate are the most significant processes in the flux balance. Overall, with a nutrient accumulation of 10 kt N yr À1 and 1.7 kt TP yr À1 representing 5% N and 12% P of the incoming load, the Iron Gate I Reservoir does not currently act as a significant nutrient sink. Even compared with the maximum accumulation of 14 kt N yr À1 and 3 kt P yr À1 during the period 1975-1985 ( Figure 7) the fate of nutrient retention within the Iron Gate I Reservoir has not dramatically changed.
Possible sources of the additional load
In the following we briefly assess potential uncertainties and additional sources in the load balance. A part of the 38 kt N and 2 kt P internal load (D) may derive from higher emission into surface waters than the officially reported values of the year 1992 (EPDRB 1997). If the lateral input from the subcatchment area of the reservoir would be responsible for the entire D, the recalculated specific TN and TP emissions would reach values of one order of magnitude higher (between 14 to 170 kg N cap À1 yr À1 and 2 to 10 kg P cap À1 yr À1 ). Such high nutrient emissions are quite unlikely even for countries as Romania and Serbia with a transitional economic stage. Anyway, due to the poor number of sewage treatment plants in the area, the possibilities of actually higher nutrient emission than latest reported should not be excluded.
Another possible source contributing to the uncounted load could be associated with point sources such as the small tributaries or industrial sewers. On the Romanian side, the largest river within the reservoir is represented by the Cerna River discharging into the Orsova Bay at a flow rate of less than 5 m 3 s À1 . No industrial activities in its catchment determined the load of Cerna up to 0.13 kt N yr À1 and 0.005 kt P yr À1 to represent only 0.3% TN and 0.2% TP of the D load. On the Serbian side, the Pek River and the cooper mining activities in its catchment may represent an unknown additional source.
Internal loading by P release from sediments may be the most probable mechanism explaining the absence of a net P-retention in spite of the accumulation of particulate P (Figure 7) . The sediment accumulated in front of the dam has a significant organic content associated and the highest settling rate. The TOC measurements from a sediment core situated 2 km upstream of the dam revealed an average concentration of 34 mg TOC g À1 and a bulk sedimentation rate between 23 and 43 cm yr À1 (Table 3) . Such sediments typically become anaerobic a few millimetres below the surface and reductive dissolution of iron oxides subsequently releases P to the interstitial water where it can migrate into the water column (Morris and Fan 1997) . The rate of P and N release can be accelerated by sediment resuspension associated with high flow rates or bioturbation. These processes together with the uncertainties discussed above may explain a part of the imbalance in the input-output analysis. The nutrient released from the sediment of the Iron Gate I Reservoir was calculated to represent 4.7 kt N and 0.8 kt P. Compared to the internal D load of 38 kt N yr À1 and 2 kt P yr À1 , the nutrient remobilisation represent 12 and 40%, respectively. Even with a maximum release rate of 7 kt N yr À1 and 1.3 kt P yr À1 calculated for 1985 ( Figure 7) the D load would not be totally achieved and most probably, its source is the combined effect of all the cases discussed before.
Conclusions
Based on the results of this study, the following general conclusions can be drawn: 1. The TSS balance for the Iron Gate I Reservoir during the year 2001 reveals a total sediment retention of 5000 kt yr À1 representing 56% of the incoming load at Bazias. The corresponding long-term storage loss of 0.6% per year has reduced the storage capacity of the reservoir by 20% after 30 years of usage. A comparison with previous estimates of the sediment retention between 20,000-30,000 kt yr À1 (Humborg et al. 1997; Panin et al. 1999) in the Iron Gates suggest that the system boundaries in those studies were not defined well enough. Damming the headwaters in the Danube catchment seems to have reduced the input of suspended solids to yearly TSS loads below 9000 kt yr À1 . In addition, due to their integration over time and space, direct TSS measurements seem to be more reliable for assessing downstream impact of large dams than extrapolations from few sediment cores. 2. The input-output balance of N and P during the year 2001 revealed no evidence of a strong nutrient sink in the Iron Gate I Reservoir. To the contrary, a slight increase in nutrient loads of 18% TN and 13% TP was observed between Bazias and the dam. This surprising result reveals that nutrient storage in large reservoirs cannot be taken for granted. 3. Part of the discrepancy might be a consequence of nutrient remobilisation from older sediments. Dated sediment cores indicate a nutrient transfer across the sediment water interface. Early diagenesis seems to remobilise nutrients deposited between 1970 and 1990, when nutrient loads in the Danube where 30% to 40% higher than today. The release from the sediment of the Iron Gate I Reservoir was calculated to represent as much as 47% of the present-day sedimentary nutrient accumulation, contributing to the internal loading (D) with 12% TN and 40% TP. In a general context our observations reveal that sediments in large reservoirs may retain a memory of past nutrient loadings, which might induce a hysteresis effect and slow down the recovery of downstream system after a reduction in nutrient loads. 4. The estimated total nutrient accumulation for the year 2001 of 10 kt N yr À1 and 1.7 kt P yr À1 represent 5% TN and 12% TP of the reservoir incoming load. Compared to the ''missing load'' of 1000 kt N yr À1 and 130 kt P yr À1 defined as the difference between the estimated loads into surface waters of the Danube Basin and the measured downstream loads entering the Black Sea (Zessner and Kroiss 1998) , the nutrient retention in the Iron Gate I Reservoir represents only 1%. This study did not support the hypothesis that the largest impoundment on the Danube River, the Iron Gate I Reservoir, played a major role in TN and TP elimination. The cumulative effect of the large number of dams along the aquatic continuum from land to ocean has to be considered in the assessment of the TSS and nutrient sink.
